Elephants experience a number of health issues that can contribute to their well-being and survival. In managed populations, housing conditions and management practices can influence individual health, so potential risk factors associated with morbidity or mortality should be identified to ensure the best possible standards of care. The goal of this study was to determine if the number of clinical events experienced could be a useful welfare indicator in zoo elephants, and to determine factors associated with key pathologies. We used an epidemiological approach to investigate how intrinsic (species, sex, age) and extrinsic (housing, management) factors were associated with both the total number of clinical events, and each of the four most prevalent pathology types (gastrointestinal issues, skin lesions, lameness, foot lesions), over a 12-month period. The study included 220 (127 African; 93 Asian) elephants housed at 61 facilities across North America. More than 1100 clinical events were identified. Species and sex differences were apparent in the types of pathology encountered, and unsurprisingly, the number of clinical events was positively correlated with age. Factors relating to housing (percent time with indoor/outdoor choice, space experience inside, number of unique environments an elephant was housed in, percent time on soft substrate) and management (enrichment diversity, spread of feeding opportunities) were also related to the number of clinical events. However, relationships were often counter to our initial hypotheses, highlighting caution in assuming cause and effect from correlational analyses such as these. Other welfare indicators such as serum and fecal glucocorticoids and serum prolactin were also associated with health status, being higher or more variable in individuals with a greater number of events. This approach provides insight into housing and management factors related to the health of these species in zoos, and in some cases, may reflect management changes that have already been made to mitigate existing or anticipated health concerns.
Introduction overall aim was to determine if the number of clinical health events could be a useful indicator of welfare in zoo elephants, and to assess factors associated with key pathologies.
Methods

Ethics statement
This research was approved by the management at each participating institution, and where applicable, was reviewed and approved by zoo research committees. In addition, the study protocol was reviewed and approved by the Zoological Society of San Diego Institutional Animal Care and Use Committee (N.I.H. Assurance A3675-01; ) and the Smithsonian National Zoo (NZP-ACUC #11/10).
Study population and medical records
This study included elephants housed in Association of Zoos and Aquariums (AZA) accredited zoos during 2012 that were enrolled in the EWP [1] . The species, sex, and age distribution of elephants at the start of the coding period is summarized in Table 1 . Twelve consecutive months of medical records were requested for each elephant to coincide with the collection of a variety of independent variables compiled for the EWP. Records were examined and clinical events defined as those that were associated with at least one clinical sign and/or treatment, using a modified coding system from that of Mikota et al. [16] . Events were categorized into types and subtypes as defined in Table 2 . Preventative treatments, routine vaccinations, and procedures such as ultrasound, artificial insemination, and semen collection were not included. Due to variability between institutions in the reporting within medical records of routine foot care for minor pad/nail defects, foot lesions were only included as events if additional clinical signs were noted alongside a nail crack, or if veterinary treatment was initiated. Similarly, variability between laboratories used for routine serum chemistries and complete blood cell counts (CBCs) meant that abnormal results for these tests were not included as individual events unless associated with at least one clinical sign, or subject to treatment (e.g., anemia). Asymptomatic lab results, such as EEHV viremia or shedding as determined by PCR, reactivity on TB serology testing and fecal parasite burden were included. Chronic conditions were included if they were active (by clinical sign and/or treatment) during the 12-month recording period. Each clinical event was given a score of one; recurrent events were counted individually if they were noted to have resolved and recurred. The duration of medical records reviewed varied slightly between individuals, for example due to births, deaths, and inter-zoo transfers, so duration was also recorded as a variable for use in the analyses, as explained below.
Independent variables
Independent variables used for these analyses included a sub-set of the input variables collected during the EWP, and were selected based on hypotheses regarding potential associations Table 1 . Species, sex, and age distribution of elephants included in the study (N = 220). African  Females  104  2  2  3  2  73  22   Males  23  2  2  4  3  12  0   Asian  Females  72  2  1  0  5  28  36   Males  21  1 with elephant welfare and/or clinical pathologies (Table 3) . Full details regarding their collection and calculation are provided in earlier publications [4-6, 8, 11] . In addition, climate zone was assigned to each housing institution based on the National Oceanic and Atmospheric Administration defined nine climatically consistent regions within the contiguous United States [29] . 
Age category (years)
N
Statistical analyses
Clinical events were categorized by type or sub-type (Fig 1) . Data were then analyzed to investigate the relationship between the number of clinical events per individual and EWP independent variables using generalized linear mixed models constructed using the package 'lmer' [30] in R [31] . Preliminary univariate analyses were first conducted to assess the relationship between each input variable and the number of clinical events per individual during the study period; any variable that met the criteria of P < 0. (Table 3 ) from the EWP were also investigated, with individual and institution as random effects, and duration of medical records reviewed as an offset. These included: BCS [4] ; mean prolactin concentration and cyclicity status [5] ; and the mean, standard deviation (SD) and coefficient of variation (CV) of both serum cortisol, and fGCM concentration (J. Brown, unpublished data). Models were also created to investigate potential relationships between EWP input variables, or welfare outcomes, with the occurrence of each of the top four most prevalent pathology types. For these subsequent analyses, data were zero-inflated, and so the modelling approach was adjusted. First, a binomial GLMM was used to assess factors associated with the presence or absence of the particular pathology type. Second, a Poisson GLMM with log-link was used as described above to model the number of clinical events, with only individuals that experienced that particular event type included in the model. In both cases, univariate analyses were first conducted based on hypothesized relationships (S1A-S1H Tables), and variables with P < 0.15 used for a multivariate approach.
In all cases, the best fitting model was determined by comparison of the Akaike information criterion (AIC). Collinearity of variables that remained in the final models was also checked using variance inflation factors (VIF), with the criteria that a VIF of 1 indicates no multicollinearity of predictor variables and a VIF of greater than 5 warrants further investigation [32] . VIFs for each variable retained in the final models ranged from 1.00 to 1.32, averaging 1.04, indicating that there was no reason to suspect that results were overly influenced by correlation between the predictor variables in the models. Significance of each variable was assessed using the Wald statistic and chi-squared distribution, with alpha set to 0.05.
Results
Clinical events
A total of 1103 clinical events were identified. Out of 220 elephants, only 17 (10 African and 7 Asian) did not exhibit any clinical signs; the remaining 203 elephants experienced between 1 and 22 clinical events during the 12-month study period (median 4 events). These events were categorized into 32 types or sub-types ( Table 2 ; Fig 1) , with the most prevalent being gastrointestinal (15.7% of events; 42% of the population), skin lesions (14.1% of events; 37% of the population), lameness and/or stiffness (12.3% of events; 38% of the population), and foot lesions (11.7% of events; 30% of the population).
Associations between the total number of clinical events and housing and management factors
The results of univariate analyses investigating relationships between housing and management factors and the total number of clinical events per animal are presented in Table 4 . These results were used to guide subsequent multivariate analyses (Table 5 ) and descriptive statistics for variables significant in these models are provided in Table 6 . Many of the relationships observed in multivariate models were counter to our original hypotheses, and these are annotated in the respective tables. The best-fit multivariate model revealed that age at the start of the coding period was the strongest predictor of the number of clinical events recorded for an animal (Fig 2) , with the number of events increasing by 19% with every additional 10 years of age. This model also included the percent of the daytime that individuals had indoor/outdoor choice, and enrichment diversity; unexpectedly, both being higher in individuals that experienced more clinical events. Based on odds ratios, and keeping all other variables constant, each 10% increase in percent of the daytime spent with indoor/outdoor access choice was associated with 8% greater number of clinical events; an increased enrichment diversity score of 0.1 point was associated with 21% higher rate of clinical events. There was also a tendency for more clinical events in individuals that spent a lower percentage of the night time on hard surfaces, which was opposite to our expectation, and in those that spent a greater proportion of their time housed separately. The number of hours spent walking each week also contributed (positively) to the best-fit model, but did not reach significance.
Associations between the total number of clinical events and other welfare outcomes
Models representing univariate analysis of the total number of clinical events per individual with each of the other welfare outcomes from the EWP are presented in Table 7 . After adding age at the start of the coding period as a covariate due to the strong relationship with the number of clinical events, only two welfare outcomes were significantly correlated (positive): variability in serum cortisol concentrations, both SD and CV (Table 8 ). The odds of experiencing a clinical event increased by 24% with a 10 SD increase in serum cortisol, and by 7% for every 10% increase in serum cortisol CV. 
Gastrointestinal events
Binomial multivariate regression revealed that Asians were 65% less likely than Africans to experience GI issues (Table 9 ). In addition, the greater the maximum number of unique environments an elephant was housed in during the day, the more likely it was to experience GI issues; each additional environment was associated with a 7.3% higher odds of experiencing a GI event. As with the total number of clinical events, the number of hours spent walking each week also contributed (positively) to the best-fit model, but did not reach significance. Both of these relationships were counter to our original hypotheses. Including only those elephants that did experience GI events during the study period, a greater number of events was associated with increasing age, and with a reduced proportion of all feedings where food was spread throughout the exhibit (Table 10 ). There was a 19% increase in the odds of experiencing an additional GI event with each 10 years of age, and the number of GI events experienced decreased by 7.9% with each 0.1 unit increase in spread. Individuals with a greater number of GI events also had higher mean prolactin (OR = 1.011; P = 0.013) and higher variability in serum cortisol (CV; OR = 1.010; P = 0.001). This represents an 11% increase in GI events with every 10 ng/ml in mean prolactin concentration, and a 10% increase in GI events for every 10% increase in serum cortisol CV. Factors associated with the health of zoo elephants
Skin lesion events
Older individuals were more likely to experience skin issues, and those with skin issues spent a greater proportion of the daytime with a choice of indoor/outdoor access (Table 11) . Each 10% increase in the percent of time provided with a choice of indoor/outdoor access was associated with 24% increase in the odds of an individual experiencing at least one skin lesion event during the study period, which was counter to our hypothesis. In addition, taking into account the effect of age, individuals with skin issues had lower BCS, decreasing the odds of skin events occurring by 28.7% with each unit increase in BCS (Table 12 ). The total number of skin lesion events experienced was also associated with increasing age, with a 2.6% increase in the number of events with every additional year of age. Each 10% increase in the percentage of the daytime with a choice of indoor/outdoor access was associated with 8% increase in the https://doi.org/10.1371/journal.pone.0217774.g002
Factors associated with the health of zoo elephants number of skin lesion events (Table 13 ). The enrichment program score, which represents the frequency of use of the different components of an enrichment program, also contributed to the final model, but was not a significant factor in predicting the number of skin lesion events experienced during the study period. Finally, individuals with more skin issues had higher mean prolactin, increasing by 15% with every 10 ng/ml increase in mean prolactin concentration (OR = 1.015; P = 0.015).
Lameness/stiffness events
Age and sex were the two main factors associated with the occurrence of lameness/stiffness events (Table 14) . The odds of experiencing a lameness/stiffness event increased by 6.4% with Factors associated with the health of zoo elephants every year of age; after taking this into account, males had a 270.5% greater odds of experiencing such an event. There was also a tendency for individuals with lameness/stiffness to have a higher score on enrichment diversity. Environment contact, or maximum number of unique environments that an elephant was housed in during a 24-hour period, also contributed (positively) to the best-fit model, but was not significant. Among individuals that experienced events of lameness and/or stiffness, the percent time spent on soft surfaces was a significant factor. Although the mean time spent exclusively on soft substrates during the day was only 6.8% (range 0-36.9%), contrary to our hypothesis, a 10% increase in the percent time on soft substrate was associated with 16% greater number of lameness/stiffness events (Table 15) . Finally, individuals with a greater number of lameness/stiffness events had higher mean (OR = 1.033; P = 0.004) and more variable (SD: OR = 1.042; P = 0.011) serum cortisol concentrations. The odds of experiencing an additional lameness/stiffness event increased by 33% with every 10 ng/ml increase in mean cortisol concentration, and by 42% with a 10 SD change in serum cortisol.
Foot lesion events
The presence of foot lesions was positively associated with age (Table 16) , and for those individuals that experienced foot lesions, the number of pathologies increased by 2.6% for every Factors associated with the health of zoo elephants year of age (Table 17 ). Counter to our hypothesis, the number of pathologies increased with greater space experience inside across a 24-hour period; every 1000ft increase in space experienced inside was associated with an 18.3% increase in the number of foot lesion events. Taking into account the age effect on foot pathology prevalence, individuals with more foot lesions had higher mean (OR = 1.007; P = 0.015) and variable (SD: OR = 1.011; P = 0.031) fGCMs. The number of foot lesion events increased by 7% with every 10 ng/ml increase in mean fGCMs, and by 11% with a 10 SD increase in in fGCM concentration. Other factors that remained in the best-fit models, but did not reach significance, were: reduced spread of feedings throughout the exhibit, which contributed to presence or absence of foot pathology; and enrichment diversity, which contributed to the number of foot lesion events experienced.
Discussion
A number of health measures, including foot and joint pathologies [10, 21, 25, [33] [34] [35] , the presence of wounds and skin lesions [22, 23, 36] , and discrete assessments by body region [24] , have been used as indicators of elephant well-being under human care, but until now, no studies have assessed the total number of active clinical events during a specific period of time as a potential welfare indicator. Rather than using discrete health assessments [23, 24] , surveys sent to veterinarians [25, 37] , or a review of causes of morbidity and mortality [21] , we created variables based on the total number of clinical events recorded within the 12-month study period of the EWP. Analyses of over 1100 clinical events in 220 elephants revealed that certain pathologies (e.g., gastrointestinal issues, skin lesions, lameness/stiffness, and foot pathologies) varied by species, sex, and age. Furthermore, the number of events experienced by an individual during the study period was also correlated with extrinsic variables relating to housing and management, as well as with other physiological measures of welfare, like serum and fecal glucocorticoids (GC). However, many of the relationships observed during this study, especially those reflecting of housing and management factors, were counter to our initial hypotheses, highlighting that cause and effect cannot be determined from analyses of this kind. Not surprisingly, when evaluated as the total number of clinical events within the 12-month period, there was a significant positive effect of age. Typically, old age is associated with a decline in health through accumulated somatic damage and immunosuppression [38] . This can result in increased susceptibility to infectious disease [39] , decreased rates of wound healing [40] and degenerative conditions such as osteoarthritis [41] and visual impairment [42] . In elephants, age is considered a contributing factor in the pathogenesis of degenerative joint disease [43] , foot pathology [44] and reproductive pathologies [45] . Hence, there are specific guidelines for the care of geriatric elephants [46] , as pathologies are anticipated to accumulate with increased age. Factors associated with the health of zoo elephants
In this study, after taking age into account, housing and management variables, specifically percent time with indoor/outdoor choice during the daytime, and enrichment diversity, also significantly predicted the total number of clinical events experienced, although not in the predicted direction. Previous results from the EWP highlighted the beneficial effect of choice and outdoor access on behavioral welfare indices. For example, night time stereotypy was lower in individuals that spent more time in environments with both indoor and outdoor access [2] , and recumbence was also greater for individuals that had greater outdoor space during the night [7] . Additionally, a case study of three Asian elephants similarly demonstrated a positive impact of providing outdoor access on behavior, with an increase in play behavior and a decrease in swaying [47] . Outdoor access is also important to the welfare of other species. Pigs maintained in outdoor pens had better health indices of welfare compared to those kept indoors [48] , and both broiler [49] and laying [50] chickens, and rabbits [51] were more active and expressed more natural behaviors when provided with outdoor pens. Although the positive association between the total number of clinical events and indoor/outdoor access during the day was therefore contrary to our hypothesis, it may be that elephants with a greater number of active pathologies are provided with more choice. This variable reflects management practices of providing choice of indoor/outdoor access to elephants, but does not indicate where elephants were choosing to spend their time. Miller et al. [10] also found relationships between foot and joint health and increased indoor/outdoor access that were contrary to their hypothesis, so these findings certainly warrant further investigation at the individual level.
Contrary to our hypothesis, enrichment diversity was also significantly positively associated with the total number of clinical events experienced across the study period. Environmental enrichment has been demonstrated to improve the welfare of a wide range of wildlife species [52] , including reducing stereotypies [53] [54] [55] and increasing activity levels [56, 57] . These two benefits are of relevance to elephant health, as stereotypies have been proposed as a contributing factor in the development of foot and joint pathologies [35] , and increased exercise supports good body condition and GI health [17] . Most of the studies exploring the use of enrichment on elephant behavior have focused on the use of feeding enrichment to increase species-appropriate behaviors, and decrease stereotypies [58] [59] [60] . Brown and colleagues [5] found enrichment diversity in the EWP to be positively correlated with reproductive health in African females, both in terms of reduced acyclicity and abnormal secretion of prolactin. However, the relationship between health and enrichment diversity in this study was contrary to our expectation that a greater enrichment diversity score would be correlated with fewer clinical events. The enrichment diversity variable represented the relative frequency and evenness of use of 30 potential enrichment items, ranging from exhibit features such as sand or dirt piles, mud wallows, pools, logs and scratching posts, to the provision of feeding items such as browse and treat boxes/bags, and to additional items or activities used for the purpose of increasing the activity and/or exploration of the elephants' habitat. However it was beyond the scope of this study to investigate the relative use of each of these individual enrichment types. Our findings may reflect management changes in response to specific clinical events. For example, elephants with dermatitis may be provided with mud wallows, those with hyperkeratosis may be offered items to scratch on, and elephants prone to colic may be given enrichment items to promote exercise. Clinical conditions such as skin lesions can take a relatively long time to resolve, and without more temporal information on when clinical conditions and enrichment occurred, or the types of enrichment used by specific individuals, it is difficult to fully investigate this relationship. Further studies should explore whether certain types of enrichment are more beneficial to physical health, as compared to enrichment primarily intending cognitive stimulation.
The best-fit model explaining the total number of clinical events also included the percent time spent on hard substrate during the night and time housed separately during the day. Although not quite reaching significance, these relationships, negatively and positively associated with the total number of clinical events, respectively, suggest that these two factors may also be important to our overall understanding of factors that impact elephant health and wellbeing. The negative correlation between time spent on hard substrates and the total number of clinical cases was contrary to our hypothesis, and to previous literature. Hard substrate has been linked to poor welfare in other species, including pigs and cattle [61] , greater one-horned rhinoceros [62, 63] , and flamingos [64, 65] . Indeed, contrary to evidence that hard surfaces are detrimental to elephant welfare [25, 33, 66] , elephants with a greater number of clinical events in our study actually spent less time on hard substrates during the night. One explanation for this unexpected result may be that management changes had already been made to accommodate individuals with these types of clinical conditions. Thus, elephants with multiple health concerns may be provided with softer substrates at night to facilitate sleep, to relieve pre-existing foot or joint conditions, or to ease the development of pressure sores. Elephants with a greater number of active health issues may also be housed separately for periods during the day to facilitate treatments [67] . Factors that contribute to the best-fit model of the total number of clinical events may be useful to increase our understanding on how the captive environment affects overall health and well-being. However, because an epidemiological approach was used, cause and effect relationships still need to be established, and appropriate mitigation strategies for various pathologies should consider elephants individually.
The most common pathology observed in this study was related to GI health, occurring in 42% of the population. This category included diarrhea, constipation, further changes in stool consistency (decreased production, the presence of blood or mucus), bloating, and other signs of abdominal discomfort or colic. Mikota and colleagues [16] also found a high prevalence of GI disorders during a retrospective analysis of health records in North America, totaling 19% of all events compiled, although their categorization of GI pathology also included eating foreign objects and fecal parasitology. For the current study, these events were kept separate if they were asymptomatic; combined they equated to 20.9% of all events, making the total proportion of events similar across the two studies. Suspected causes of GI discomfort included dietary change (especially the source of hay), eating novel food items, ingestion of sand and/or rocks, and decreased exercise. Other potential causes could be related to parasites, salmonellosis, eating foreign objects, and/or toxins [16] . According to Hatt and Clauss [68] , the best prophylactic measure for avoiding colic is continuous stimulation of gut peristalsis through feeding high-fiber roughage and minimizing low-fiber foods such as fruits and concentrates. Although the majority of GI events in this study were resolved with or without treatment, since 2001 there have been at least 14 cases of mortality in North America as a result of GI blockage, impaction, damage or twisted gut (M. Miller, unpublished data; [69] ).
The presence or absence of GI pathology was best explained by a combination of species and the maximum number of unique environments an elephant was housed in during the daytime. African elephants are at a significantly higher risk of experiencing a GI event, which could be due to species-specific differences in the digestive system [70] . Although both species are broadly considered grazers and browsers, digestion coefficients for dry matter, protein, and fiber fractions are higher for Asian compared to African elephants, due to longer digesta retention times [71] . However, zoo diets rarely differentiate forage types fed to the two species [72] , and this is certainly an area that warrants further investigation to determine if dietary changes could help reduce GI issues, and indeed whether species differences in susceptibility may be linked to dietary requirements. The fact that elephants with more environment contact (i.e., housed in a greater number of unique environments during the daytime) were also more likely to experience GI issues was contrary to our hypothesis, because a more complex environment is generally thought to elicit more activity and support welfare [73] . Similarly, the number of hours walked per week during staff-led exercise also contributed to the best model of GI occurrence, being higher in individuals with GI pathology, although it did not reach significance. Perhaps this was related to staff making a concerted effort to exercise elephants. The positive correlation between GI events and variables that increase the potential for exercise (environment contact) or direct participation (number of hours spent walking with staff each week) suggest that it may be a common strategy for managing elephants known to be susceptible to GI discomfort. Regular low intensity exercise is generally good for GI mobility in elephants [72] and other species, such as humans and horses [74] [75] [76] . Walking had a beneficial effect on body condition in this population [4] ; thus, exercise should be employed, not only to mitigate obesity, but perhaps also to promote better digestive health.
We subsequently investigated factors that contributed to a greater number of GI events during the study period, incorporating only those individuals with more than one GI event. Age again was a factor in a greater number of events, as was a reduced proportion of all feedings where food was spread throughout the exhibit. The fact that age was again a contributor to the best model of the number of GI events may be related to decreased walking rates as elephants get older [3] , or could be associated with other accumulating health issues such as deteriorating molar condition which could decrease efficiency of food breakdown, leading to GI impaction. Musculoskeletal disorders are also more prevalent in older elephants (this study and [17, 25, 43] ), resulting in the administration of NSAIDs that can be prolonged [77] . One of the known side-effects of long-term NSAID use is GI irritation [78] [79] [80] [81] , and the prophylactic use of GI protectants was common in this study, especially in older elephants. These data suggest that management practices that involve distributing food throughout the elephants' habitat, as opposed to limiting feedings to a smaller number of areas, may be beneficial to digestive health, again possibly due to increased exercise facilitating good GI mobility.
Skin lesions were also common among this population, with at least one event reported in 37% of elephants, equally distributed between African and Asian, and male and female elephants. Lesions included calluses, dermatitis, hyperkeratosis, folliculitis, ulcers, pustules, skin abscesses, skin irritation, pruritus, and pressure sores. These were distinct from the category 'wounds', which were inflicted by conspecifics or by objects in the environment. Although elephant skin is thick, ranging from 1.8 mm on the medial surface of the ear to 3.2 cm on the dorsum [82] , it is sensitive, and can take a long time to heal. The finding that a higher BCS is associated with fewer skin lesions may indicate that a certain proportion of these lesions may be caused by pressure between a substrate (like the floor, the wall) and bony structures, with skin being more prone to lesions if this pressure is less absorbed by subcutaneous adipose tissue. Previous reviews have also indicated a high prevalence of skin lesions in captive elephants [16, 17] , and consequently skin care is an important aspect of elephant husbandry. In particular, providing bathing, wallowing, and dusting opportunities to promote overall skin health, as well as scratching posts to aid with removal of dead skin build-up are all part of AZA standards of care [46] . The proportion of events attributed to skin issues (14.1% of events) and wounds (6.9% of events) in the current study was lower than that reported by Mikota et al. [16] , who found nearly a third of all clinical events to be associated with skin wounds and lesions. In the past 20+ years since those data were published, implementation of improved bathing and skin care protocols may have reduced the prevalence of skin lesions in the North American population. Based on our analyses of factors associated with skin pathologies, elephants that experienced lesions were older than those that did not, and spent a greater proportion of the daytime with a choice of indoor/outdoor access. Furthermore, the number of skin events recorded within an individual during the study period also increased with both of these variables. As with several of the other variables discussed, the positive relationship between indoor/outdoor access and skin pathology is contrary to our original hypothesis that choice is beneficial to elephant well-being, and should result in fewer lesions as elephants have more control over their own environment. One alternative, however, is that a choice of indoor/outdoor access is provided in more extreme conditions; i.e., hotter or cooler climates, or at the peak of summer or winter when skin pathology may be more prevalent due to environmental conditions. More detailed investigations might determine when different types of skin pathology are occurring in our captive elephants.
Risk factors associated with musculoskeletal health assessed during a physical examination as part of the EWP, have already been described by Miller et al. [10] . They found that only about a quarter of elephants exhibited musculoskeletal pathologies with time on hard substrate and space experienced in indoor/outdoor exhibits contributing to increased risk. Although that study evaluated the same elephants, it was based on a one-time assessment conducted partway through the study. Here, we add to these data by investigating factors associated with the prevalence of lameness, stiffness, or altered range of motion across a 12-month period. Lameness events were reported for elephants of all age-categories, but discriminating between events that were trauma-related versus those of a potentially degenerative nature was beyond the scope of this study due to insufficient detail in medical records. This type of pathology was the third most numerous, representing over 12% of events and occurring in 38% of elephants. The higher rate of events and affected individuals in our study may be due to intermittent or multiple events per individual during the 12-month period, some of which may not have been detected during the single point-in-time examination. When using a multivariate approach to investigate factors associated with the occurrence of lameness, stiffness, or altered range of motion, age and sex were significant predictors of pathology. The significant influence of sex on risk of musculoskeletal pathology is a novel finding compared to Miller et al. [10] . In fact, in that dataset, only three out of a possible 36 males that had complete physical exam data were categorized as having musculoskeletal abnormalities, compared to 20 out of 44 with lameness/ stiffness in this study. This perhaps indicates that males in this population had intermittent rather than chronic lameness; if so, one-time assessments may not provide a full representation of disease prevalence in that cohort. One possibility for males having more intermittent lameness is that the median age of males in the study was 10 years younger (24 compared to 34 for females). If lameness were more intermittent, and so scored as multiple events, chronic lameness may be essentially underestimated by only receiving a score of 1, even if it were present for the entire 12-month period. When including only those individuals that experienced lameness/stiffness, a greater number of events was associated with spending more time on soft surfaces during the daytime. Although this was also contrary to our hypothesis that softer substrates are beneficial for joint health, it may be another example of where management changes have already been made to accommodate individuals with existing pathologies and prevent disease progression. Previous reports have drawn links between foot and joint pathology and hard surfaces [34] ; and indeed, Miller et al. [10] found increased risk of musculoskeletal pathology with increasing time on hard surfaces in this same study population. Again, differences in reporting (one-time versus an entire year) may explain why different factors best explained this pathology, but this counter-intuitive result warrants further investigation.
Miller et al. [10] also investigated risk factors for individuals experiencing foot lesions, both scored during a one-time physical examination, and those with possible persistent foot pathology-having at least one pathology reported in 2011 and 2012, although not necessarily the same lesion. They found that space experienced during the night, percent time spent on hard substrates and in indoor/outdoor exhibits during the day significantly predicted foot health, along with a tendency for increasing pathology with age. For our study, we analyzed the proportion of all events during the 12-month study period categorized as foot lesions, and found that Asian elephants were at significantly higher risk of experiencing foot lesions than their African counterparts. This corroborates previous analyses [16, 25] , where African elephants experienced lower rates of foot pathology than Asians. However, Miller et al. [10] found no species difference in the foot score data from their analyses. This discrepancy could be due to differences in categorizing of foot lesions; because different institutions recorded such events differently, we omitted minor foot lesions that did not require veterinary treatment from our investigation, which may have been documented by veterinarians conducting the physical exam. Indeed, only 30% of elephants were considered to have foot lesions according to our criteria, versus 67% during the physical exam [10] . Simple toenail cracks and abnormal wear that only required routine foot care to resolve may therefore have been underrecorded here as compared to Miller et al. [10] . If this is the case, perhaps both African and Asian elephants develop foot lesions, but those that require veterinary care are more common among Asians.
To further investigate the factors involved in the occurrence of foot pathology, we first assessed the presence or absence of events. Here, age was the only significant variable, with foot pathologies more likely in older individuals. Because the Asian elephant population is older than the African population [11] , this may in part explain the species difference noted in the proportion of events. We subsequently conducted analyses using only those individuals where events were recorded, and found that after taking age into account, the number of foot lesions increased with greater space experienced inside. This variable represents the average size of indoor environments (per 1000ft 2 ) an elephant spent time in, weighted by the amount of time spent inside. This variable could therefore reflect that individuals with a greater number of foot lesions spent more of their time inside, and/or those indoor spaces were larger. We have no data on what substrates were present in these spaces specifically, or what individuals were doing while inside, so further investigation into individual-level metrics are necessary to further examine this finding.
Finally, the total number of clinical events, and each of the four most prevalent pathology types, were evaluated in the context of other welfare outcomes used in the EWP. Individuals with a higher total number of clinical events exhibited a higher variability in serum cortisol concentrations, both when assessed as the SD and as the CV. GC measures also were related to several pathology types. The number of lameness/stiffness events were positively associated with mean serum cortisol and SD, and the number of GI events with the CV. Furthermore, fGCM concentrations, both mean and SD, were correlated with the number of foot lesion events. Examples of how GCs may be a useful indicator of health include increased concentrations during sepsis in both humans [83] and horses [84] , parvovirus in dogs [85] , rheumatoid arthritis [86] and fibromyalgia [87] in humans, and an increased risk of contracting common childhood diseases [88] . Increased variability in GCs has been demonstrated to correlate with abnormal reproductive function, rates of fighting, and institutional mortality rates in rhinoceros [89] . Indeed, GCs have previously been observed to increase during times of illness and injury in elephants (J. Brown, unpublished data; [90, 91] ), and in other species [92] , and these data now suggest that the variability, as well as overall mean concentrations, may be indicators of clinical conditions. When an individual is faced with a potential challenge, including injury or exposure to pathogens, hypothalamic-pituitary-adrenal (HPA) axis activation and secretion of GCs facilitates an immune response [93] . Physiological levels of GCs play an essential role in coping with infection or inflammation [94] , but should subsequently be down-regulated to prevent immunosuppressive effects. In individuals with multiple pathologies over time, HPA activation may be more frequent, resulting in greater mean concentrations and variability over time. Alternatively, individuals with underlying disease may in fact be hyper-responsive to additional stressors, resulting in greater increases in circulating GCs, and therefore greater variability [95] . Clinical events associated with lameness/stiffness, and foot lesions, were correlated with both mean concentrations and variability. We were unable to distinguish chronic pathology from acute trauma in this study, so perhaps mean concentrations may be reflective of chronic pathology whereas variability may reflect repeated acute conditions. This subject of individual variation in GC responses to stressors has received more attention in recent years [96] , including studies investigating different coping styles and disease susceptibility [97] , and examples of infected individuals having higher magnitude responses to subsequent stressors [98] . A better understanding of inter-and intra-individual variation in HPA reactivity, and the implications for health and disease, would be beneficial to our use of GCs as a welfare measure, and incorporating GC analysis as part of routine monitoring could be valuable to detecting sub-clinical pathology before clinical signs are manifest.
Mean prolactin concentrations were also correlated with both the number of GI and skin lesion events. Prolactin is a peptide hormone most commonly known for its role in milk production; however, it is involved in over 300 different processes throughout the body [99] . There is evidence from a variety of species that prolactin influences normal GI function [100] , including fluid and electrolyte transport [101, 102] , and gut motility [103] . Hyperprolactinemia has also been observed with GI pathology in humans, such as in association with celiac disease activity [104] . The positive relationship between mean prolactin concentration and the number of GI events is an interesting finding that should be explored in more detail. Studies in humans have also revealed a role of prolactin in the pathogenesis of certain skin pathologies [105, 106] , with significantly higher serum prolactin in patients with psoriasis, vitiligo and alopecia areata, when compared to controls [107] . The phenomenon of hyperprolactinemia has previously been associated with reproductive dysfunction in African elephants living in North American zoos [108, 109] and these results suggest there may be other impacts on health, which should be explored further.
Although there is much we have learned about elephant biology over the past decades, we still lack a thorough understanding of factors that influence the occurrence of many of the pathologies to which elephants are susceptible. This research highlights the importance of managing elephant health to promote well-being, focusing on common issues that contribute to overall well-being, as well as more widely reported infectious diseases that impact survival. Indeed, the two most prevalent types of clinical events in this study, GI issues and skin lesions, have so far received less attention from a research perspective than foot and musculoskeletal health, which were less prevalent. Species differences in susceptibility to GI issues should be investigated further to determine if dietary needs differ between Asian and African elephants, and if changes could reduce prevalence. Exercise appears to be beneficial, not only to manage body condition [4] , but perhaps also to promote better digestive health, and in elephants that are prone to GI issues, increasing the spread of food items around the exhibit could be an effective strategy to reduce the frequency of clinical signs. Skin issues appear to have reduced over the last 20+ years based on comparison of this study to that conducted by Mikota et al. [16] , but further investigation is needed to understand the apparent positive correlation with choice of indoor/outdoor access.
However, many of our results were not in the hypothesised direction. Of the variables that significantly contributed to one or more best-fit multivariate models, eight factors were significant in the expected direction (age, spread, serum cortisol [mean, SD and CV], fecal GCs [mean and SD], and mean prolactin), while five (percent time with indoor/outdoor choice during the daytime, enrichment diversity, environment contact during the daytime, percent time on soft substrate during the daytime, and space experience inside) were contrary to our expectations. Three others were significant where we had no a priori expectation of direction (species, sex and BCS). Of the variables that were in-line with our predictions, the majority were welfare outcomes measured over the same 12-month time period. This may reflect that physiology is a good indicator of current pathology, whereas many of the extrinsic variables measured during the study period may have been changed since the pathologies began to develop, for example in the case of joint pathology that can take decades to develop. One limitation of this type of analysis is that it is correlational in nature, making it important to remember that these findings do not always reflect cause and effect. Rather, they may actually reflect efforts zoos have already taken to mitigate existing or anticipated health concerns. For example, the positive association between time on soft substrates and musculoskeletal health may reflect that changes have already been made to alleviate chronic conditions and reduce further progression. Other factors such as enrichment diversity require further investigation to determine how enrichment items are utilized and what items are most beneficial to physical versus psychological health. Finally, although this population-level approach has highlighted several factors that may impact health and well-being, it is important to monitor the response to management changes at the individual level. By continuing to improve our knowledge of factors that influence elephant health, we can develop mitigation strategies to minimize morbidity and mortality, and ultimately ensure the good welfare of African and Asian elephants in human care. 
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